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SUMMARY 
A study was conducted to determine the applicability of using 
small scale powered helicopter models operating in non-anechoic 
wind tunnels to predict the sound pressure levels of full 
scale rotor harmonic noise components. The investigation 
included noise generation due to high tip speed effects, 
tandem rotor blade/vortex interactions, single rotors operat-
ing on test towers, and the interaction between main rotor 
vortices and tail rotors. 
In all cases it was found that the pressure time history 
waveforms characteristic of different noise generating mech-
anisms were properly reproduced by the models. Corrections 
for microphone locations, acoustical reverberation, and tunnel 
wind velocity were developed. Application of these correc-
tions to the model data were found to yield satisfactory 
correlation with full scale sound pressure levels except for 
the lsolated single rotor where highly transient data, both 
model and full scale, precluded good agreement or absolute 
values. 
INTRODUCTION 
Rotor noise has long been an acknowledged problem with respect 
to limiting the potential which helicopters have to serve both 
the military and civil markets. Prior to 1979, there were no 
official exterior noise standards for helicopters which were, 
therefore, developed elther without noise constraints or else 
to a target which was set by the designer. In 1979, a ver¥ 
significant event occurred. The Internatlonal civil Aviatlon 
Organization (ICAO) Committee on Aircraft Noise develo~ed a 
standard for hellcopter external noise which limits nOlse 
durlng takeoff, flyby, and approach to levels which clearly 
ensure that, in the future, noise considerations will playa 
greatly increased role in hellcopter design. 
One impact of this standard is to place a much greater empha-
sis on the importance of accurate rotor noise prediction, 
prior to construction and availability of the aircraft for 
full scale measurements, because what in the past might have 
been an unfortunate misprediction could, in the future, result 
in the inabllity of a helicopter to receive a type certificate, 
thereby barring it from sale to CiV1I users. In order to 
ensure receiving certificatlon the manufacturer is required to 
design the aircraft to meet a noise level which is below the 
actual certlficatlon llmlt. 
Although constant effort is being directed at improving the 
accurac¥ of helicopter noise predictlon, the evaluation of the 
predictlon methodology is based on comparison with full scale 
data which, in ltself, contains many variables. with the 
exception of a limited amount of data obtained by Schmitz (Ref 
1) using an airborne microphone system, full scale data 
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contains many var~ables. F~rst of all, constantl¥ chang~ng 
d~stance and directivity of the acoustic signal w~th respect 
to the microphone, along with Doppler shifted frequency, make 
evaluation difficult unless the aircraft position is known 
accuratel¥. Secondly, atmospheric attenuation, turbulence, 
and terra~n acoustical effects distort the signal. In addi-
t~on, constant changes in rotor input from the pilot and/or 
automatic control systems continually upset the input condi-
tions to which the rotor responds. Considering the above it 
is not surprising that support or condemnation of an analyti-
cal procedure may depend on the data with which it is compared. 
A primary pu~ose of this study is to evaluate the use of 
small scale w~nd tunnel models, such as those used for perfor-
mance and stability testing, as an investigat~ve tool for 
studying and predicting rotor noise since the use of wind 
tunnel models would help to eliminate many of the problems 
described above. The Boeing Vertol Company has been making 
acoustical measurements, on most of its helicopter and rotor 
models in the Wind Tunnel since 1968. Dur~ng those programs, 
techniques in measurement and data analys~s have been devel-
oped and an acoustical calibration of the Boeing Vertol 20' X 
20' Wind Tunnel has been performed. In add~tion, full scale 
data has been obtained on some of the configurations which 
were measured in model scale. This data can be used to 
evaluate the use of wind tunnel models for ~nvestigating and 
predicting rotor no~se, as well as providing the basis for an 
examinat~on of the generat~on of harmonic rotor noise. A 
second benefit of the validation of acoustical w~nd tunnel 
modeling would be the encouragement to use this approach to 
evaluate potential no~se reduct~on conf~gurations, particu-
larly those of high technical r~sk. The cost of full scale 
flight test~ng are so high that often the more innovat~ve 
~deas never rece~ve a trial while the more conservat~ve ~deas, 
which are tried, are condemned for not ach~eving substantial 
results. 
It should be emphasized at the outset that the study deals 
only w~th rotor no~se components wh~ch occur as d~screte 
mult~ples of blade passage frequency (harmon~c no~se) and not 
with broadband noise. Model studies of broadband no~se ~n the 
wind tunnel would be considerably more complex because the 
averag~ng techniques used to separate model from wind tunnel 
no~se, and pseudonoise due to air blowing over the microphone, 
do not preserve broadband no~se data. More ~mportantly models 
for broadband noise study should probabl¥ be Reynolds Number 
scaled. At the present time harmonic no~se sources dominate 
the helicopter noise problems and the study will exam~ne the 
following phenomena: Rotational noise due to fluctuating lift 
and drag airloads; impulsive noise due to h~gh Mach number 
effects; and ~mpulsive noise due to blade-vortex ~nteractions. 
Each of these mechanisms has a d~stinct and identif~able 
acoustical signature as shown ~n F~gure 1. 
2 
DATA ACQUISITION 
Wind Tunnel 
All of the model testing described in this report has been 
conducted in the Boeing Vertol V/STOL Wind Tunnel. The 
Tunnel, illustrated in Figure 2 has a closed circuit with 
continuous flow and speed capabilities from 0 to 240 knots. 
The 20 X 20 ft. test section can be configured as an open 
throat, slotted section, or closed section (Figure 3). In the 
open throat confi~ration the model is located in the test 
section plenum wh~ch has a diameter of 66 ft. and a height of 
75 ft. Figure 4 shows a t¥pical model installation, in the 
closed, slotted configurat~on, including wall mounted micro-
phone brackets installed in typical locations. The test 
section and bellmouth walls are of steel with the remainder of 
the circuit concrete. No special acoustical treatment has 
been applied to any walls or turning vanes. 
The microphone employed for wind tunnel data acquisition are 
Bruel and Kjaer type 4134 one half inch cartridges mounted on 
a 2619 cathode follower. The microphones are f~tted with type 
UA-0386 nose cones and are oriented so that they point into 
the wind. Polarizing voltages for the condenser microphones 
are provided b¥ type 2807 power supplies. The data is re-
corded on one ~nch magnetic tape by a 14 channel Sangamo Wide 
Band FM system using Dynam~cs 7704/PG preamplifiers and 
Dynamics 7509/PS DC amplifiers for si~al conditioning and 
California Instruments Model 7500 osc~lloscopes for monitoring 
recording voltages. 
Prior to each test program each m~crophone/recording system 
was calibrated over the frequenc¥ range of ~nterest by means 
of a Bruel and Kjaer Type 4142 M~crophone Calibration Appa-
ratus. The sensit~vity of the system was checked daily by a 
Columbia SPC-10 calibrator which appl~es a 114B, 1000 HZ 
s~gnal directly to each microphone cartridge. 
FULL SCALE 
Full scale data was recorded us~ng either the same system 
descr~bed in the preceeding section (except that one inch 
m~crophone cartr~dges were used) or using Nagra Type III and 
IV portable tape recorders for data acqu~s~t~on. 
DATA REDUCTION 
The two fundamental approaches to analyzing rotor noise are to 
make measurements of the pressure time-history radiated from 
the rotor or to perform a Fourier analysis on the time domain 
data in order to obtain rotor harmonic spectra in the frequen-
cy domain. Each type of data format has its own unigue 
advantages and disadvantages which will be examined In greater 
detail, although data for each model/full scale compar~son 
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discussed in the later sections of this report are presented 
in both formats. 
Another issue which must be considered carefully is whether 
the data sample to be analyzed should be a short sample of 
'instantaneous' data or a longer sample in which the data has 
been averaged over a s~ecified time duration. One of the 
purposes of averaging 1S to enhance a repetitive signal which 
may be contaminated by random noise. Th1S condition arises in 
a wind tunnel where the periodic noise is caused by the rotor 
under study and the non-periodic noise by the wind tunnel 
itself, and/or by pseudo-noise due to the air flow over the 
microphone. Figure 5 illustrates the effectiveness of data 
averaging in such a situation. Averaging in the time domain 
~as performed using a Federal Scient1fic Model 129H, high 
dynamic range di9ital averager and in the frequency domain by 
a Federal Scient1fic Model UA-500A Ubiquitous Spectrum Analy-
zer. 
Another possible reason for averaging data is if the source 
itself is varying and it is desired to obtain values which are 
representative of the level which occurs most of the time 
without being dependent on the subjective selections of the 
data analyst. An example of highly variable data is illus-
trated in Figure 6 and shows approximately one half second 
samples taken at various times during a measurement of a full 
scale and a model rotor each operating on a test stand in very 
low winds. The unsteadiness is due to intermittent blade-
vortex interaction and it is interesting to note that in each 
case, a spread of about eleven dB was measured with waveforms 
varying from non-impulsive to highly im~uls1ve. The effect of 
time averagin9 the model data is shown 1n Figure 7 which 
compares a th1rty second averaged sample w1th an unaveraged 
sample Wh1Ch was selected as representat1ve of the most 
1mpulsive section of each respective record. The figure 
clearly shows how the averaging process completely eliminated 
all indicat10ns of impulsiveness from the higher thrust (Ct/a 
= .102) record. It is therefore very 1mportant to know what 
one is 100k1ng for before select1ng the data reduct10n process 
and to be part1cularly cautious if the subJect of 1nterest 1S 
tranS1ent data. 
Another situation where averagin9 techniques cannot be employ-
ed is flyby data of full scale a1rcraft. For example, even at 
the relat1vely low speed of 120 knots the aircraft displaces 
about 200 feet every second thereby chang1ng level and direct-
iV1ty so rapidly that virtually instantaneous data at specific 
a1rcraft positions must be used. 
4 
DATA ADJUSTMENT 
General Approach 
In order to achieve successful acoustical modeling, the 
following model design and operating conditions should be met: 
Geometric similarity of rotors (number of blades, 
ratio, planform, airfoil, twist). aspect 
Model should operate at full scale tip Mach number. 
Model should operate at full scale advance ratio. 
Model should operate at full scale c't --(J 
Satisfying the above conditions will, for example, result in 
similar predicted rotational noise (Ref. 4), thickness noise (Ref. 5) and blade-vortex interaction noise (Ref. 6) regard-
less of the magnitude of the dimensions, provided that the 
location of the prediction point is also scaled to the full 
scale location. 
Given the above similarities, the following equation expresses 
the adjustments WhICh then must be made to the model data: 
SPLM = SPLM + ~L + ~R + ~V 
where: 
SPLM ~ AdJusted Model Sound Pressure Level - dB 
SPLM ~ Measured Model Sound Pressure Level - dB 
~L ~ Adjustment for MicTophone Location - dB 
~R ~ AdJustment for ReverberatIon - dB 
~V ~ Adjustment for Wind Tunnel Velocity - dB 
Adjustment for Microphone LocatIon 
Microphones located in wind tunnels are constraIned to fairly 
close proxImity to the rotor because model rotors are general-
l¥ sized so that they are of the order of one half of the cross 
dImension, located about mid-height in the tunnel, and most 
tunnels have len9ths of from two to four times theIr width. 
Microphone locatIons for full scale out of doors measurements 
are generally selected further from the rotor if for no other 
reason than to minImize downwash effects. Figure 8 illus-
trates the typical range of locations Involved. ObVIously it 
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is ideal to have the model microphone at the same distance 
(measured in rotor diameters) as the full scale data. Unfor-
tunately this arrangement is rarely possible. For purposes of 
this study, microphone locations were selected so that the 
directivity angle a was as similar as possible. In the case 
of full scale flybys a is a function of the ap~roach distance 
D and was used as a basis for selecting the pOInt in time at 
which full scale data would be read. In identifying this time 
on a magnetic tape recording, the time required for the sound 
to travel from the aircraft, when it was located at distance 
D, along ray line a to the microphone should be included when 
correlating recording time WIth aircraft physical locatIon. 
SelectIon of the corresponding full scale distance, D, based 
on matching the elevation angle e also defined the azimuth angle 
~ WhICh did not necessarily agree as well. In the case of tip 
speed effect data typical model data azimuth angles were approx-
imately 20° from forward while full scale data was approximately 
5°. Using the level flight data of Reference 1 as a guide 
this would be ex~ected to introduce an error of less than 1 
dB. A similar sItuation exists with respect to the data used 
to evaluate blade-vortex interaction effects where the low 
speed descent data from Reference 1 also Indicates a small 
error. In both cases the sensitivity of the change in sound 
pressure level to elevation angle appears to be greater than 
the sensitivity to azimuth for the range of directivities in-
volved. For isolated hovering rotors azimuth has no meaning 
and does not apply. 
Figure 9 from Reference 3 shows the levels of several harmon-
ics of a level measured by microphones located along a single 
ray line from the rotor. From this Figure it is apparent that 
beyond one diameter from the center of the rotor the attenua-
tion closely followed the classical spherical spreading law. 
Although the near field drop off rate was considerably higher, 
all microphones used in this study were greater than one dia-
meter and therefore: 
L ~L = 20 log M/dM LF/dF 
where ~ 
LF 
dM 
dF 
= Linear distance from model to mIcrophone 
= Linear distance from full scale aircraft to 
microphone 
= Rotor Diameter - Model 
= Rotor Diameter - Full Scale 
Adjustment for Reverberation 
The purpose of the reverberation adjustment is to correct the 
model data acquired in the hard walled wInd tunnel to values 
which would be expected if the equIvalent wInd tunnel data had 
been taken in the free field. PrIor to thIS program, the Con-
6 
tractor had performed such a calibration uSlng the arrangement 
shown in Figure 10. Several microphones were mounted on a 
supporting structure such that they could be located at sever-
al stations throughout the wind tunnel. A single, control, 
microphone was kept at a fixed location four feet directly in 
front of the loudspeaker which was used as a noise source. 
Tests were conducted with tunnel slots installed and removed 
using sine waves, broadband noise, and recorded model rotor 
noise as input. The entire setup was then moved out of doors, 
to a large open field, and the procedure was repeated. Only 
one half of the tunnel width was surveyed since the structure 
is essentially symmetrical. 
Figure 11 shows some typical results of these calibration pro-
cedures and indicate a reverberant amplification which is es-
sentially independent of frequency but is sensitive to the 
tunnel configuration. An analytical prediction of the sound 
pressure which relates the buildup in a large room to a IIRoom 
Constant ll was performed using the method described in section 
10.14 of Reference 2. The room constant (R) is defined as 
R = Sa I-a 
where: S = Total area of boundaries of room in sq. ft. 
-a = Average energy absorption coefficient of 
the surface of the room 
al S2 + a2S2 + ... anSn -
a = S 
where 
Absorption coefficient of particular absorbing 
areas 
The surface areas correspondlng to al 2 n 
, , 
In the case of the steel walled wind tunnel it can be assumed 
that there are two types of surfaces, the steel walls with a=O 
and the ends and slots wlth a=l. Figure 11 also shows the 
results of predictlons for the Boein9 Vertol Wind Tunnel. 
Since the values of absorption coefflClent for steel and air 
are not very sensitlve to frequency, thlS explains the flat 
shape of the callbration curves. It is also noted that the 
analytically predlcted buildup is in fairly good agreement 
with the measured values. 
Adjustment for Tunnel Wind Velocity 
consideration should also be given to the effects WhlCh the 
velocity of the alr flow in the wlnd tunnel might have on 
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noise propagation from the model to the microphone. In order 
to investlgate the importance, if any, of this phenomenon a 
loudspeaker was placed in the tunnel and the sound pressure 
levels measured at several microphone locations for several 
wind velocities. The loudspeaker selected was a folded horn 
of metal construction which is designed such that the air flow 
could not impinge directly on the driver diaphragm. Pure 
tones and a recording of model noise were used as input 
signals. The test setup and a typical set of results are 
presented in Figures 12 and 13. The limiting velocity of 
about 250 feet per second was determined by the onset of 
visible speaker vibration. It is not suggested that these 
curves be ap~lied to other wind tunnel installations but 
rather to pOlnt out that the effect of tunnel wind velocity 
should be considered and that a relatively slmple calibratlon 
can be performed. It was initially expected that the effect, 
if any, would be increasing attenuation with increasing 
veloclty. It is noted, however, that this was not always 
true, es~ecially of the more distant mlcrophones at higher 
frequencles. At the ~resent time, no explanation of these 
effects is readily eVldent. 
Atmospheric and Ground Attenuation - Full Scale Data 
It should also be kept ln mind that the full scale data might 
be affected by the atmosphere and ground terraln correctlons 
for these types of propagatlon effects can be found in several 
publications such as References 7 and 8. Considering that all 
full scale measurements had been made over ground with very 
short cut vegetation and at distances no greater (and usually 
less) than two thousand feet, it is not surprlsing that 
attenuation over the freguency range up to 300 Hz, WhlCh would 
encompass at least the flrst twenty harmonics of most hellcop-
ters, is negllgible. The corrections for atmospheric turbul-
ence, discussed ln Reference 7, appeared to provide too much 
attenuatlon which only indlcates that the degree of small 
scale turbulence inherent in the Reference 7 curve was greater 
than that existent at the sites and times at which the full 
scale measurements were made. Since the conditions for 
acoustical measurements of hellco~ter nOlse are speclfically 
limlted to low wind and gust condltlons, the results are 
probably not too surprislng. In summary, no corrections have 
been made to the full scale data ln this investigation. 
Application to Data in the Frequency Domaln 
Flgure 14 lllustrates the adjustments which were discussed ln 
the previous section ap~lled to the harmonic spectrum of a 
model rotor operating, ln hover on a test stand, in the wind 
tunnel while Figure 15 compares the adjusted data with full 
scale measurements. Figures 16 and 17 present slmilar compar-
lsons for a helicopter ln hlgh speed forward flight. The 
detalled correction values are presented in Appendix A, Tables 
A-I and A-2. 
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In both cases the general trending of harmonic sound pressure 
levels is quite good except that the full scale isolated rotor 
data displays significantly higher amplitudes in the fifth 
through ninth harmonics not apparent in the model data. In 
view of the variability in data measured on hovering rotors, 
which is discussed previously and illustrated in Figure 6, 
these comparative results are to be expected. In the forward 
flight case the model signal is stronger and more regular and 
the match between adjusted model data and full scale data is 
even better. 
Application to Data in the Time Domain 
Although the examples of the preceding section essentially 
bracket the goodness of fit, presentation and evaluation of 
data in the frequency domain format is extremely complex and 
laborious to describe, partlcularl¥ if one is trying to 
compare two configurations or condltions. Although the 
harmonic spectra are of importance to the researcher, the 
results of wind tunnel tests will be of little use unless they 
can be expressed as single numerical values. 
Figure 18 illustrates the above point by comparing the full 
scale data of a helicopter flying at four advancing tip Mach 
numbers achieved by varyin9 rotor speed. The data is presented 
in both the frequency domaln (spectra) and time domain (wave-
form). While the spectra show the increase in higher harmonic 
content with increased Mach number the picture tends to be a 
qualitative one because at Mach = .935, for example, over one 
hundred harmonics are depicted, with many more above 2,000 Hz. 
The peak-to-peak amplitude of the waveforms however, is a 
single value which grows as deplcted in Figure 19 and yields 
information which is much simpler to evaluate such as absolute 
values, slopes, and signiflcant divergence at Mach = .926. 
The sound pressure levels used in the remainder of the report 
are peak-to-peak levels, whlle waveforms and spectra are 
presented as aids in further evaluating and identifYlng the 
predominant nOlse generatlng mechanisms. 
If measurements are made in the time domain it is not neces-
sary to correct the data for reverberatlon because it is 
possible to separate the dlrectly radiated slgnal from ltS 
reflectlons as illustrated in Figure 20. Since the reflected 
paths will always be longer than the direct one, the combin-
ation of attenuation due to distance along with a small amount 
of energy loss at the reflecting surface, will serve to ensure 
that a peak-to-peak measurement will give the correct value 
for the directly radiated si~al. An aid in identifying other 
paths and their associated tlme delays can be achieved by 
making a sharp impulsive noise at the model location and 
measurlng the time delay of the several reflections. Figure 
21 shows the results of such a test flring in the contractors 
wind tunnel. Although varlOUS techniques may be employed for 
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such measurements the example shown emplo¥ed a hi9h Intensity 
electric spark as the source and the specIalized Instrumenta-
tion indicated in Figure 21 to make the precise measurement 
required relatively simple. Knowledge of the ph¥sical dimen-
sion involved, and the speed of sound can then aId in identi-
fying the reflecting surfaces. Checks of this type can help 
to avoid the singular situation which could contaminate 
peak-to-peak data, when a reflected path arrives at the 
microphone with a dela¥ time equal to the time between blade 
passages. If such a sltuation occurs, the microphone should 
be moved or acoustical absorption added to the reflective 
area. 
EVALUATION OF RESULTS 
In this section adjusted model data and full scale data will 
be compared on three bases, peak-to-peak amplitudes, wave 
forms, and spectra. As discussed in the preceeding section, 
peak-to-peak amplitude will be the primary quantitative 
measurement. The waveforms may be compared for shapes which 
are characteristic of the rotor noise generation mechanisms as 
depicted in Figure 1. In order to permit inspection and 
comparison of shapes over a substantial decibel range the 
linear waveform amplitudes have been approximately normalized 
and should not be scaled. 
The spectra are most informative when viewed in terms of decay 
envelope. In general, the flatter the decay, the more impul-
sive the quality of the sound. In most cases, the spectra and 
waveforms are presented for two comparable sets of operating 
conditlons which are indicated as clrcled points on the ampli-
tude plots. 
T1P Speed Effects 
It has been well documented in such papers as Reference 9 that 
the acoustical radiation of a rotor operating at hIgh tip Mach 
numbers becomes dominated by an unsymmetrical "N" wave (Figure 
1) WhlCh Increases in intensity as the mach number Increases. 
All model tests were conducted using the Boelng Vertol Dynamic 
Rotor Test Stand (DRTS) shown in Figure 22a. Full scale data 
was measured on the Boeing Vertol Model 347 helicopter (Figure 
22b). This aircraft was an experimental derivative of the 
CH-47 helicopter had an elongated fuselage and increased 
height aft pylon which virtually eliminated blade-vortex 
Interactions ln forward fli9ht, thereby making it a good 
vehicle for investigating tlP speed effects. Comparative 
model and full scale data were obtained with six percent 
thickness ratio tips (Figures 23a, b, c) and ten percent 
thickness ratlo tips (Figures 24a, b, c). A single flight 
data point, corresponding to model data was also measured on 
the YUH-61 a slngle rotor helicopter (Figure 22c) and is 
presented in Figures 25a, b, c. 
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All comparative model and full scale data points a9ree within 
five dB with most showing no worse than two dB dev~ation, 
while the model waveforms clearly show the growth of the IINII 
wave which is characterized in the full scale data. Compari-
son of the spectral envelopes reveal an even more interesting 
correlation in that while both model and full scale envelopes 
display the expected decay from the fundamental at low mach 
numbers they both show maximum sound pressure levels in the 
range of the third to sixth harmonics with the first two 
harmonics substantially lower. This faithful repl~cation of 
spectral detail is most encouraging. 
Figure 26 illustrates the use of the model in high speed rotor 
blade development and com~ares a constant thickness blade with 
a thin tip and a blade wh~ch starts its taper at further 
inboard. The lack of separation below M = .80 indicates that 
rotational noise is dominating the signature while the separa-
tion above M = .85 gives evidence that contributions to 
thickness noIse are being generated substantially inboard of 
the tip. 
Isolated Rotors 
The problems of large magnitude variations of transient sound 
pressure levels which are encountered when operating isolated 
rotors in ver¥ low w~nds have been discussed in the data 
anslysis sect~on of this report. In accordance with that 
discussion, the ampl~tudes and waveforms presented in this 
section are based on the sampling method and represent the 
more impulsive portions of the data. All full scale data was 
measured on the Boeing Vertol Report Test Tower and the models 
on one of several test stands such as the one illustrated ~n 
F~gure 27. 
Comparison of model and full scale data are presented for 
three different rotors: the YUH-6lA rotor (Figures 28a, b, c) 
wh~ch ~s forty-nine feet in diameter and has an advanced 
airfoil which changes spanwise in three stages with an out-
board sect~on tic of 6%; the Model 347 rotor (Figures 29a, b, 
c) which is sixty feet in d~ameter and utilizes four CH-47C 
cambered airfoil rotor blades with a tip thickness of 10\%; 
and the YUH-62 (HLH) rotor (Fi9Ures 30a, b, c) which has a 
diameter of ninety-two feet wh~ch uses two spanwise sections 
of airfoil which are the same as the two inner sect~ons of the 
YUH-6lA w~th the outboard section thickness 8%. 
F~rst order least square lines have been shown on the ampli-
tude plots in order to aid trend evaluation. It is apparent 
that although the absolute agreement of model and full scale 
data for the YUH-6lA is quite close the full scale data for 
the Model 347 rotor exceeds the corrected model data by about 
8 dB and by 10 dB for the YUH-62 rotor. A possible explana-
t~on may be that while the microphone location for the YUH-6l 
rotor was approximately four rotor diameters distant from the 
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center of the tower, the Model 347 locations were 1.8 diame-
ters and the YUH-62 .85 diameters. It is also noted that the 
latter two microphones were in locations of high downwash. It 
is significant, however, that the slopes of the model and full 
scale least square fit lines are in very good agreement with 
each other and, in fact, vary very little between all the 
rotors, having a range of slopes between 10 and 12 dB increase 
In sound pressure level for an increase of .10 in CT/a. 
Despite the discrepancies in absolute values the model data 
does reflect the sound pressure level changes due to operatIng 
conditions or rotor configuration with reasonable accuracy. 
Figure 31 for example compares the effects of reducing tip 
speed of the Model 347 rotor. From the above, it appears that 
models of isolated rotors in hover may be useful for sensitivity 
studies and possibly for comparing configurations, if not for 
full scale ~rediction. It would be desirable, however, to 
conduct addItional studies to further verify the validity of 
using models for trend stUdies of noise generatIon of hovering 
rotors. 
Tandem Rotors 
Tandem rotor configurations can generate an impulsive noise 
signature due to interaction between the vortices shed by one 
rotor and the blades of the other. Figure 32a illustrates 
this phenomenon by smoke visualization on the Boeing vertol 
Tandem Rotor Model (TRM) which was the source of model data 
for this study. The full scale data was from two modified 
versions of the CH-47 helico~ter. The first (Figure 32b) had 
an aft pylon which had been Increased in heIght by thirty 
inches but retained the three bladed rotor and thIrty four 
percent overlap of the standard CH-47. The second aIrcraft 
was the Model 347 (FIgure 32c) which retaIned the hIgh pylon 
and had a one hundred and ten inch fuselage extension WhICh 
reduced the overlap of its four bladed rotors to twenty-two 
percent. 
The tandem rotor model, unfortunately, was limIted to operat-
in9 tip speeds of about 500 ft/secs. In order to account for 
thIS discrepancy use was made of in-house Boeing Vertol data 
which indicated that under conditIons of constant blade-vortex 
separatIon, the sound pressure level varied approximately as 
the sixth order of the tip speed. These adjustments were made 
to the model data and are noted on the applicable figures. 
The comparisons of model and full scale data are presented in 
Fi9Ures 33-36. The independent variable used is total cyclic 
trIm. As the trim is increased both rotors tIlt forward 
thereby decreasing the separation in the overlap regIon. 
with the exception of the 34% overlap configuration at 120 
knots the agreement between model and full scale data are all 
withIn 3 dB. No explanation for the dIscrepancy at 120 knots 
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is evident but careful examination of the data and trends 
tends to cast more suspicion on the full scale data than on 
the model data. Note that the relative ineffectiveness of 
cyclic trim at 40 knots and effectiveness at 80 knots dis-
played by the full scale data is well replicated by the model 
data. Examination of waveforms indicates that at the higher 
speeds of 120 and 128 knots the "N" wave associated with high 
advancing tip speed appears in both model and full scale data 
with the lower speed waveforms tending to display the higher 
frequency content pulse more characteristic of blade-vortex 
intersection. 
The results of making a simple extension of the model to a 
non-overlapped configuration is compared with the 34% over-
lapped configuration in Figure 37. The 0% overlap data are 
singularly free of high frequency content which indicates 
com~lete freedom from an impulsive acoustical signature. It 
is lnvesti9ations of this t¥pe, which would be prohibitively 
expensive ln full scale, WhlCh make model testing extremel¥ 
important to improvin9 the basic understanding of rotor nOlse 
generation and reductl0n. 
Main-Tail Rotor Interaction 
During operatl0n of the Model YUH-61 helicopter (Figure 38) as 
a tied down vehicle, or hovering in ground effect, an impul-
Slve noise at main rotor blade passage period was noted 
directly behind the aircraft but greatly diminished to either 
side. During subseguent testing of a one fifth scale model (Figure 38a) acoustlcal measurements were made to further 
investigate this effect. Since the noise occurred at main 
rotor blade passage period, it was hypothesized that the 
source was interactl0n of the tail rotor with vortices shed 
from the main rotor blades. 
Model and full scale data at three aZlmuth positions are 
compared in Figures 39a, b, c and show that the full scale 
situatlon was well reproduced by the model particularly with 
respect to the dlrectivity of the noise and lmpulsiveness of 
the waveforms. Although, as noted, the tail rotor tip speed 
of the model was less than that of the full scale aircraft no 
analytical adjustment was made because the main rotor para-
meters were matched. The agreement of model and full scale 
data indicates that the impulsive no~se generat~on is probably 
more stron9ly lnfluenced by ma~n rotor t~p vortex strength 
than by tall rotor veloclty. 
Some lnteractlve effects are presented in Figure 40. Most 
apparent is that the presence of the tall rotor increases the 
nOlse at main rotor passage period by approximately 5 dB, a 
value which would be cons~derably more difficult to obtain 
with a full scale aircraft than with a model because of the 
provisl0ns which would be required to react the torque. 
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CONCLUSIONS AND RECOMMENDATIONS 
Figure 41 summarizes the results of this study with respect to 
the accuracy with wh~ch small scale models can be used to 
predict peak-to-peak values of full scale data. The ordinate 
for each point represents the difference between an adjusted 
model data point and the value of the full scale data at the 
corresponding independent variable (if the model data falls 
between corresponding full scale data the value of the linear 
point to point inte~olation is used). with the exception of 
the isolated rotor v~rtually all model data agreed with full 
scale data within six dB and the mean values within two dB. 
This is, in fact, no worse than agreements which are often 
experienced between repeat flights of full scale helicopters. 
Although the difference in absolute values for ~solated rotors 
hovering in low winds have a greater disparity, the model data 
does display the same trends as the full scale data and can be 
used as an aid in selecting between rotor designs, if not to 
predict the absolute sound pressure levels. 
The recommended measurement for evaluation is peak-to-peak 
sound pressure level although reasonable agreement can be 
achieved on a harmonic spectral basis. In making peak-to-peak 
measurements the pressure time histories should be inspected 
carefull¥ to ensure that they reflect the expected type of 
rotor no~se generating mechanism and also to determine whether 
averaging procedures should be used in the data reduction. In 
cases where the data contains transient pulses, and the 
maximum values are of interest, averaging techniques should 
not be used. 
Testing in non-anechoic wind tunnels need not be a problem as 
long as reverberation and time delay calibrations of the type 
described in this report are employed. 
It is recommended that the use of small scale models be 
encouraged for the studies of impUlsive rotor noise due to 
high tip s~eed effects and to blade-vortex interactions in 
forward fl~ght. The appl~cability to blade-vortex intersec-
tions in low speed descent should be investi9ated because th~s 
condition is of maJor ~mportance in determ~n~ng commun~ty 
noise exposure around hel~ports and is applicable to all 
helicopter configurations. 
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APPENDIX A 
WIND TUNNEL MODEL 
DATA ADJUSTMENTS 
15 
O-i 
I"TI ):;- MODEL DATA (1) (2 ) ;:0 OJ FULL SCALE ..... , 
<: I"TI HARMONIC FREQUENCY RAW DATA DISTANCE ADJUSTED REVERBERATION ADJUSTED DATA(3) I"TI 0):;- NUMBER Hz SPL ADJUSTMENT FOR DISTANCE ADJUSTMENT DATA SPL I 
., --' 
dB dB dB dB dB dB ;:0" a 
3:0 
):;-
3:-i 1 92 116 -12 104 0 104 108 a ):;-0 2 184 107 95 -5 90 100 I"TI n 
,a 3 276 105 93 -8 85 94 ;:0 0;:0 4 368 100 88 -7 81 91 ):;-I"TI 
-in 5 460 101 89 -9 80 92 ):;--i 
....... 
100 88 -9 79 91 10 6 552 ::z 
..... Vl 7 644 100 88 -4 84 88 VI 
-6 81 89 a I 8 736 99 87 , 
87 -6 81 87 ):;-):;- 9 828 99 
-iOJ 10 920 100 88 -5 83 84 I"TI VI 
...... 
00 11 1012 98 86 -5 81 80 0"\ , 
-< c: 
c: -i 12 1104 97 85 -5 80 79 :c I"TI 
I 13 1196 97 85 -6 79 78 0\ :c 
........ ):;- 14 1288 96 89 -6 78 76 ):;-;:0 
3: 15 1380 96 84 -6 78 75 ;:00 
a ::z 16 1472 96 84 -6 78 73 
-i ..... 
On 17 1564 94 82 -6 76 73 ;:0 
VI 18 1656 93 81 -6 75 73 
........... 0 
., c: 19 1748 92 80 -6 74 76 
....... :::z 
G)O 20 1840 91 79 -4 75 78 c: 
;:0 -u 
I"TI ;:0 
VI I"TI 
U'l (2 ) MODEL D/d = l~:i6 = 1.025 ........ Vl 
-Po c: 
;:0 
Qo I"TI 
FULL SCALE D/d = 2~~ = 4.2 I-' , 
Ul I"TI 
~< 
20 LOG 14~~5 = -12.2 dB I"TI , 
VI 
( 1 ) FIGURE 28C, CT/O = .102 (SPL = RELATIVE SPL + 60 dB) 
(3 ) FIGURE 28C, CT/o = .097 (SPL = RELATIVE SPL + 50 dB) 
-i ):>0 
OJ , 
rn 
):>0 
I 
N 
----00 
"rn):>o 
....... ;;o-i 
~ ....... ):>o 
c: <: 
;:0 rn n 
rnoo 
VI ;;0 
., ;;0 
I-' ;;0 rn 
man 
3:-i 
S20 ....... 
3:0 
I-' o:z 
" OVI 
-----rn 
,I 
0):>0 ):>0 OJ 
-i VI 
I-' ):>0 a 
-....J 
, 
I c: 
-i 
....... rn 
VI 
o:c 
,):>0 ):>0;;0 
-i:3: 
rna 
oz 
....... 
-<n 
e: 
:c VI 
I a 
me: 
I-' z ):>00 
;;0 -u 
0;:0 
-irn 
OVI ;;0 l/') 
e: 
;;0 
rn 
r 
rn 
<: 
rn , 
l/') 
(I) (2) 
IIAIlMOtllC fREQUENCV RAW DAIA lllllNfL V[I or I TV AD.IUS TEO FOR 
NlIMIl£R liz SPl-dB AIl.HIS I flFNT -dll VElOC I fV -dB 
I 511 IlB II 
2 117 132 0 
3 175 132 • I 4 233 133 • 5 5 291 131 I 7 
b 350 131 I 7 
7 408 129 j 8 
Il 466 127 no 
9 525 126 tlO 
10 &83 124 t 4 
11 641 122 
• 4 Ii 700 116 
• 4 IJ 758 115 - 3 
14 816 124 - 3 
15 1174 124 - ) 
16 93J 117 -10 
II 991 117 -)/) 
1B 1049 118 -10 
19 l10B 117 -10 
II) IIb6 113 -10 
(I) Flf,IJRE llC HT = 936 (SPl - RI:I AIIVF ~Pl t AO dfl) 
(2) INfUll'OlAlED FR!»I FIGURE 12 
(3) HOOEL Old = ~ = I 45 
FULl SCALE Old = ~ = 38 [, 
1 45 20 LOG 3iTo = -211 5 dB 
(4) FIGlIRE 23C Hr = 935 (SPL = RElATIH SPL 50 dfl) 
118 
132 
133 
13B 
138 
138 
137 
137 
136 
128 
126 
120 
112 
121 
121 
107 
107 
108 
107 
101 
(3) (4) 
DISTANCE ADJUSTED FOR REVERBERATION ADJUSTED rUll SCALE 
ADJUS TH[NT -dB DISTANCE-dB ADJUSTH~NT-dB DATA-dB DATA-dB 
-28 I 90 -10 80 90 
104 -10 94 90 
105 -10 95 104 
110 -11 99 104 
110 - 8 102 94 
110 - 8 102 99 
109 -12 97 100 
109 -10 99 9& 
108 -10 98 89 
100 -11 89 90 
98 -11 87 89 
92 -11 81 86 
84 -10 74 78 
93 -10 83 80 
93 -10 83 82 
79 - 9 70 78 
79 
- 9 70 70 
80 - 9 71 78 
79 
- 9 70 78 
75 -11 64 72 
f10DEL 
MEASURED DISTANCE ADJUSTED WIND ADJUSTED 
DATA CORRECTION FOR TUNNEL FOR 
DISTANCE VELOCITY DISTANCE & 
PEAK TO .0.L PEAK TO CORRECTION TUNN. VEL. 
MACH NO. PEAK PEAK 4V PEAK TO PEAK 
(MT) SPL, dB dB SPL, dB dB SPL, dB (REF.FIG. 13) 
.728 114 -28.5 85.5 3 88.0 
.793 118 89.5 3 92.5 
.840 122.5 94 3.5 97.5 
.856 123 94.5 3.5 98 
.872 125.5 97 3.5 100.5 
.889 126.5 98 3.5 101. 5 
.905 130 101.5 4 105.5 
.920 135 106.5 4 110.5 
.936 136.5 108 4 112 
.952 137.5 109 4 113 
.969 140 111.5 4 115.5 
.985 142 113.5 4 117.!:> 
TABLE A-3 
ADJUSTMENTS - PEAK TO PEAK DATA - FIGURE 23A 
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MODEL 
MEASURED DISTANCE ADJUSTED WIND ADJUSTED 
DATA CORRECTION FOR TUNNEL FOR 
DISTANCE VELOCITY DISTANCE & 
PEAK TO lIL PEAK TO CORRECTION TUNN. VEL. 
MACH NO. PEAK PEAK lIV PEAK TO PEAK 
(MT) SPL, dB dB SPL, dB dB SPL, dB (REF.FIG. 13) 
.807 121 -28.5 92.5 3.5 96 
.835 123 94.5 3.5 98 
.864 127 98.5 3.5 102 
.897 133 104.5 4 108.5 
.922 136.5 108 4 112 
.950 143.0 114.5 4 118.5 
.980 146.5 118 4 122 
TABLE A-4 
ADJUSTMENTS - PEAK TO PEAK DATA - FIGURE 24A 
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MODEL 
MEASURED DISTANCE ADJUSTED \~IND ADJUSTED 
DATA CORRECTION FOR TUNNEL FOR 
DISTANCE VELOCITY DISTANCE & 
PEAK TO 6L PEAK TO CORRECTION TUNN. VEL. 
MACH NO. PEAK PEAK 6V PEAK TO PEAK 
(MT) SPL, dB dB SPL, dB dB SPL, db 
(REF.FIG. 13) 
.689 109.5 -25.5 84 2.5 86.5 
.770 116 90.5 2.5 93 
.798 120.5 95 2.5 97.5 
.828 127 101.5 3 104.5 
.893 131 105.5 3 108.5 
.915 132.5 107 3 110 
.942 137 111.5 3.5 115 
.970 140 114.5 3.5 118 
TABLE A-5 
ADJUSTMENTS - PEAK TO PEAK DATA - FIGURE 25A 
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MODEL 
MEASURED DISTANCE ADJUSTED 
DATA CORRECTION FOR 
PEAK TO lIL DISTANCE 
PEAK PEAK TO PEAK 
CT/a SPL, dB dB SPL, dB 
.015 117.5 -12 105.5 
.028 117.5 105.5 
.046 119 107 
.064 120.5 108.5 
.084 123 111 
.102 127 115 
.120 128 116 
.127 129.5 117 0 5 
TABLE A-6 
ADJUSTMENTS - PEAK TO PEAK DATA - FIGURE 28A 
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MODEL 
MEASURED DISTANCE ADJUSTED 
DATA CORRECTION FOR 
PEAK TO 6L DISTANCE 
PEAK PEAK TO PEAK 
CT/o SPL, dB dB SPL, dB 
.040 114 -4.5 109.5 
.060 120.5 116 
.080 119.5 115 
.090 121.5 117 
.100 122 117.5 
.110 123 118.5 
.120 125 120.5 
.130 125 120.5 
TABLE A-7 
ADJUSTMENTS - PEAK TO PEAK DATA - FIGURE 29A 
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